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Background: Medication resistant obsessive-compulsive disorder (OCD) patients can
be successfully treated with Deep Brain Stimulation (DBS) which targets the anterior
limb of the internal capsule (ALIC) and the nucleus accumbens (NA). Growing evidence
suggests that in patients who respond to DBS, axonal fiber bundles surrounding the
electrode are activated, but it is currently unknown which discrete pathways are critical
for optimal benefit. Our aim was to identify axonal pathways mediating clinical effects of
ALIC-NA DBS.
Methods: We created computational models of ALIC-NA DBS to simulate the activation
of fiber tracts and to identify connected cerebral regions. The pattern of activated axons
and their cortical targets was investigated in six OCD patients who underwent ALIC-NA
DBS.
Results: Modulation of the right anterior middle frontal gyrus (dorsolateral prefrontal
cortex) was associated with an excellent response. In contrast, non-responders showed
high activation in the orbital part of the right inferior frontal gyrus (lateral orbitofrontal
cortex/anterior ventrolateral prefrontal cortex). Factor analysis followed by step-wise
linear regression indicated that YBOCS improvement was inversely associated with
factors that were predominantly determined by gray matter activation results.
Discussion: Our findings support the hypothesis that optimal therapeutic results are
associated with the activation of distinct fiber pathways. This suggests that in DBS for
OCD, focused stimulation of specific fiber pathways, which would allow for stimulation
with lower amplitudes, may be superior to activation of a wide array of pathways, typically
associated with higher stimulation amplitudes.
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INTRODUCTION
Obsessive-compulsive disorder (OCD) is a common psychiatric
disorder with a lifetime prevalence of 2.3% (Ruscio et al., 2010).
It is defined by the presence of intrusive thoughts (obsessions)
and the need to perform repetitive behaviors (compulsions) that
severely impair quality of life (Leckman et al., 2010). While the
pathogenesis of OCD has yet to be resolved, current hypotheses
on the pathophysiology of OCD include abnormal activity
in cortico-striatal-thalamo-cortical (CSTC) circuits (Aouizerate
et al., 2004). Increased functional connectivity between cortical
areas and the striatum has been observed in OCD patients (Sakai
et al., 2011). Additionally, imaging studies in OCD patients have
demonstrated baseline hyperactivity of orbitofrontal, prefrontal,
and striatal areas, which increased further with symptom
provocation (Bourne et al., 2012). While many OCD patients
benefit from psychotherapy and drug treatment, 20–30% of
patients do not respond to either form of therapy. Deep brain
stimulation (DBS) of the anterior limb of the internal capsule
(ALIC) and/or, nucleus accumbens (NA) presents a promising
surgical alternative for these patients (Nuttin et al., 1999; Sturm
et al., 2003; Okun et al., 2007; Goodman et al., 2010; Huff et al.,
2010).
Little is known about the local and downstream effects of
DBS despite its therapeutic efficacy. Recent studies in other
disorders involving CSTC circuits (e.g., Parkinson’s disease) have
provided evidence that modulation of cortical activity is crucial
for mediating the clinical effects of DBS (Walker et al., 2012a,b).
This modulation may be driven by antidromic activation of
corticofugal fibers projecting to (or passing by) the brain region
where the DBS electrode is implanted (Li et al., 2007; Gradinaru
et al., 2009). Furthermore, animal studies have demonstrated
retrograde activation of inhibitory corticostriatal fibers in chronic
high frequency (e.g., 130Hz) DBS of the NA (McCracken
and Grace, 2007). Nuclear imaging techniques have shown
that prefrontal and orbitofrontal cortical metabolism decreases
during therapeutic OCD DBS, similar to metabolic changes
observed during pharmacotherapy or behavioral treatment
(Swedo et al., 1992; Nuttin et al., 2003; Van Laere et al.,
2006). Unfortunately, these imaging techniques are unable to
distinguish between effects arising from direct modulation of
connected white matter pathways (direct effects) and those
resulting from compensatory network mechanisms (indirect
effects). A detailed understanding of the interdependency of both
phenomena will be a prerequisite for anatomically identifying
preferential stimulation targets.
Recently our group developed the computational
infrastructure for analyzing the network effects of DBS
with tractography-activation models (TAMs; Lujan et al., 2012).
TAMs combine tractography with neurostimulation modeling to
simulate the brain pathways directly activated by patient specific
DBS parameter settings. This tool can be used to specify the
cerebral distribution of axonal activation and visualize the first
line of neuronal response to DBS (Lujan et al., 2013). The results
from this activation analysis can be translated into anatomical
heat maps, which define the regional density of active fibers
and offer an improved inter- and intra-individual comparability
of activation results (Hartmann et al., 2015). The present
study extends the use of TAMs to identify specific patterns of
axonal activation in a case series of OCD patients treated with
ALIC-NA DBS.
MATERIALS AND METHODS
Patient Population
We used TAMs to analyze a cohort of six OCD patients who
underwent bilateral DBS of the ALIC-NA region. All patients
received pre- and post-operative psychiatric evaluations as part
of a larger clinical trial using DBS for OCD (Goodman et al.,
2010; Haq et al., 2011). We classified patients into three distinct
groups according to their clinical response to DBS 24month after
surgery: best response, moderate response, and no-response. Best
response was defined as having a minimum of 50% reduction in
the Yale-Brown Obsessive Compulsive Scale (YBOCS, Goodman
et al., 1989) scores compared to baseline. No-response was
defined as a reduction of less than 10% in YBOCS scores. Patients
who did not fulfill either criterion were regarded as moderate
responders. Pertinent clinical data are summarized in Table 1.
Ethical approval from the corresponding institutional review
board (University of Florida) and informed written consent from
the patients were obtained prior to their participation in this
study.
Morphological Component of the DBS
Models
We developed six patient-specific models of DBS, where
each brain hemisphere was analyzed separately. Each model
comprised of a patient’s pre- and post-operative anatomical
imaging data and stimulation settings. These images were then
co-registered to a single diffusion tensor image (DTI) brain
atlas, which was also the foundation for a 3D finite element
DBS electric field model (Chaturvedi et al., 2010). These models
were developed using the following three-step process. First,
we used FSL (Jenkinson et al., 2012) to co-register the patient’s
pre-operative T1-weighted 1.5 Tesla magnetic resonance images
(MRI, 0.469 × 0.469 × 1.2mm voxel size) and post-operative
computed tomography (CT, 0.684 × 0.684 × 1.5mm voxel size)
data. For this purpose, rigid co-registration of the patient-specific
MRI and CT scans was performed using FMRIB’s Linear Image
Registration Tool (FLIRT). This co-registration, which relied on
six degrees of freedom to allow for translation and rotation along
the x, y, and z-axis, respectively, used the individual MRI space
as reference space. Similarly, the structural 1.5 Tesla MRI (1.0 ×
1.0×1.0mm voxel size) andDTI (2.0×2.0×2.0mm voxel size, 60
gradient directions, b = 1000 s/mm2) of the reference brain atlas
(Oxford Centre for Functional MRI of the Brain, Oxford, UK)
were co-registered using an up-scaled DTI (1.0 × 1.0 × 1.0mm
voxel size) as reference space. Second, non-cerebral tissue was
removed from each data set using FSL’s Brain Extraction Tool.
MRI scans were aligned with the atlas imaging data employing an
affine registration (FNIRT) with 12 degrees of freedom (allowing
for translation, rotation, scaling and skewing along the x, y, and
z-axis, respectively). The resulting transformation matrix was
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TABLE 1 | Patient characteristics and DBS settings applied following 24 months of chronic ALIC-NA DBS.
# Gender Age at OCD symptoms Response to DBS DBS contacts and voltage DBS frequency and
surgery (YBOCS change) pulse width
Right side Left side
1 F 33 Con Was Avo Anx Best (68%) 1− C+, 5.0 V 0− C+, 5.0 V 135Hz, 210µs
2 M 52 Dou Avo Che No (−3%) 1−2− C+, 4.0 V 1−2− C+, 1.5 V 135Hz, 90µs
3 M 39 Dou Che Little (28%) 0−1− C+, 8.0 V 0−1− C+, 8.5 V 135Hz, 150µs
4 M 33 Con* No (5%) 0−1−2− C+, 3.5 V 0−1−2− C+, 3.0 V 60Hz, 180µs
5 F 33 Con Avo Anx Little (33%) 0−1− C+, 3.0 V 0−1− C+, 3.0 V 135Hz, 210µs
6 F 27 Con Avo Anx Was Cou Best (86%) 1− 0+, 3.5 V 1− 0+, 3.3 V 135Hz, 90µs
Response to DBS is shown as YBOCS improvement compared to pre-operative assessments. The contacts of the DBS electrode are labeled from 0 to 3 for both sides, where contact
0 is the most ventral contact. A negative value for patient 2 indicates impairment. A negative value for patient 2 indicates impairment. Patient 4 (*) also suffered from Tourette syndrome
as comorbidity. The stimulation frequency of 60Hz was applied after usage of 135Hz for 1 year turned out not to be beneficial. Abbreviations: Anx, Anxiety; Avo, Avoiding; C, stimulator
case; Che, Checking; Con, contamination obsessions; Cou, Counting; DBS, Deep Brain Stimulation; Dou, Doubts; Was, Washing; YBOCS, Yale-Brown Obsessive Compulsive Scale.
applied to the corresponding patient specific CT scan. Third,
we seeded a 3391 DBS electrode (Medtronic, Minneapolis, MN)
within the DTI brain atlas employing the post-operative CT
(Hemm et al., 2009). The DBS electrode (diameter of 1.27mm)
consisted of four vertically aligned contacts with a length of 3mm
and an inter-contact distance of 4mm.
Biophysical Components of the DBS Model
We created six quasi-static finite element electric field models
(one for each patient) to characterize the DBS voltage distribution
in brain tissue (Butson et al., 2007). For each model, a multi-
resolution finite element method (FEM) model was constructed
using COMSOL 3.1 (Comsol Inc., Burlington, MA) and
SCIRun/Bio-PSE (Scientific Computing and Imaging Institute,
University of Utah, Salt Lake City, UT). Active electrode contacts
were defined as a voltage source for monopolar stimulation,
while the outer surface of the model was defined as a boundary
condition connected to ground. The model incorporated an
encapsulation sheath surrounding the DBS electrode with a
thickness of 0.5mm to account for electrode impedance levels
of 750–1250 . The specific impedance of the encapsulation
sheath was derived to match the overall impedance on the model
to the clinically measured impedance in the patient (typical
value ∼0.1 S/m) (Butson et al., 2006; Chaturvedi et al., 2013).
We also included a voltage drop at the electrode-tissue interface
resulting from charge transfers from the electrode to the tissue
(Gimsa et al., 2005; Miocinovic et al., 2009). This voltage drop
was determined to be 42% in in-vitro studies using human DBS
devices (Chaturvedi et al., 2010).
Conductivity tensors σT were calculated at each DTI voxel
to incorporate the non-homogenous anisotropic conduction
characteristics of the brain (Tuch et al., 2001; Haueisen et al.,
2002). Each conductivity tensor was calculated using a linear
transform of the local diffusion tensor D according to:
σT = (σe/de)D,
where σe is the effective extracellular conductivity and de is the
effective extracellular diffusivity. These conductivity tensors were
interpolated onto a variable-resolution mesh (26 × 36 × 33 cm)
to ensure both high FEM accuracy and computational efficiency
(Chaturvedi et al., 2010). To account for the electrode capacitance
at the electrode-tissue interface, a nominal value of 6.6 µF was
derived from previous experiments (Holsheimer et al., 2000;
Butson and McIntyre, 2005; Merrill et al., 2005). This electrode
capacitance and model impedance was incorporated into a
simple RC-filter, and an ideal square-wave stimulation waveform
was fed through it. The output of this filter mimicked the
actual waveform produced in the tissue medium during voltage-
controlled stimulation (Miocinovic et al., 2009; Chaturvedi
et al., 2010). This filtered waveform was subsequently used in
the NEURON simulations to determine axonal activation (see
below).
Tractography-Activation Models (TAM)
We used TAMs to analyze axonal activation evoked by patient-
specific DBS within a common DTI framework (voxel size 2 × 2
× 2mm) (Lujan et al., 2012; Hartmann et al., 2015). TAMs
were created for each brain hemisphere by the following six-step
process. First, we defined two seed regions (one for each brain
hemisphere) by combining voxels surrounding the geometric
center of active contacts (radius of 4mm) from each patient-
specific computational model. These voxels were placed within
the corresponding brain hemisphere of the reference DTI by
applying the same transformation matrix that was previously
used for the imaging data. The combination of these volumes
resulted in a seeding volume of 454 voxels for the left hemisphere
and 440 voxels for the right hemisphere. Second, we employed
the FSL toolbox to perform probabilistic tractography from each
voxel within both seed regions. A Bayesian algorithm (bedpostX)
was used to calculate up to two fiber directions per voxel.
This was followed by application of the program probtrackX,
which iteratively created the 1000 most likely individual
streamlines using Euler’s method (step length 0.5mm, curvature
threshold ±80◦). Pathway reconstruction was terminated when
pathways looped onto themselves, cerebrospinal fluid space
was reached, or when the algorithm took more than 2000
steps per pathway. Third, we used a custom built clustering
algorithm to assess the distances between the streamlines at
five critical points along each fiber (fiber origin, first quartile,
midpoint, third quartile, and fiber termination; Lujan et al.,
2012). For a given streamline, we computed the root mean
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squared (RMS) distance from all other streamlines at the five
critical points described above. If the RMS distance was larger
than 10mm (5mm for the midpoint) from the corresponding
point along all pathways, the streamline geometry was considered
unique and excluded from further analysis. These distance
values were obtained by performing a sensitivity analysis to
provide a balance between distinct pathways and the number
of grouped pathways identified. Fourth, we created multi-
compartment models of myelinated axons (5.7µm diameter,
0.5mm internodal distance) for each fiber trajectory within each
pathway (McIntyre et al., 2002; Lujan et al., 2012). This fiber
diameter, which is relatively large for human central nervous
system white matter (Liewald et al., 2014), was chosen to avoid
underestimation of the spread of axonal activation. Fifth, we
determined the extracellular voltages along each axon model
by interpolating each patient specific electric field model onto
the axon trajectories. Finally, we simulated axonal response to
extracellular stimulation and identified active fibers, defined as
fibers generating a propagating action potential, using NEURON
(Hines and Carnevale, 1997).
Analysis of Axonal Activation
Cortical and subcortical gray matter structures were segmented
from the reference brain structural MRI (Table 2) using
Freesurfer (Athinoula A. Martinos Center for Biomedical
Imaging, Charlestown, MA) (Fischl et al., 2002). We also
identified the geometrical distribution of axonal activation (in
the form of a heat map) by calculating the number of active
axon fibers intersecting each voxel of a 1 × 1 × 1mm grid
co-registered with the reference DTI. Similarly, the intersection
of active fibers with the segmented cortical and subcortical
structures was calculated using MATLAB (The Mathworks,
Natick, MA). Patient-specific activations from each hemisphere
were combined to obtain a heat map of bilateral ALCI-NA
DBS. These heat maps represented the local density of active
fibers in each voxel by using color (the higher the density,
the higher opacity, and brightness), thereby facilitating visual
and quantitative analyses of activation results. Further details of
this method are presented elsewhere (Hartmann et al., 2015).
Following identification of crucial gray matter targeted by active
fibers, we used the probtrackX2 function within the FSL toolbox
(applying the same specifications as used in probtrackX) to
perform a connectivity-based probabilistic tractography analysis
to classify the anatomical projections from each voxel within
the seed region to these targets (Behrens et al., 2003). In
addition to a descriptive analysis of gray matter targets of
active fiber projections, factor (principal component) analysis
was performed to determine if these activation results could be
explained by unobserved factors. Subsequently, stepwise linear
regression was used to identify predictors for the YBOCS change
among these unobserved factors. The density of active fibers for
each heat map voxel across best and moderate responders was
compared to that of the same voxel in each non-responder’s
heat map. Based on preliminary analyses, differences in the
density of active fibers greater or equal to 20 per voxel were
empirically rated as relevant. The sum of voxels in all of the
eight comparisons, which exhibited a relevantly higher density
TABLE 2 | Overview of targeted cortical and subcortical regions and
association with the degree of clinical response.
Largest number of
connecting active fibers
Smallest number of
connecting active
fibers
Best response Right middle frontal gyrus
(anterior part)
Right accumbens area
Right Amygdala
Right superior frontal
gyrus
Right temporal lobe
Moderate response Left superior frontal gyrus Right Thalamus
Right middle frontal gyrus
(anterior part)
No response Right Thalamus –
Right inferior frontal gyrus
(orbital part)
of active fibers in the responder, was correlated with the degree of
clinical improvement (% of YBOCS) of this responder. Statistical
analyses were performed with SPSS Statistics Version 20 (IBM
Corp., Armonk, NY).
RESULTS
We analyzed bilateral axonal activation in a group of six patients
with OCD who underwent DBS of the ALIC-NA region. Patients
1 and 6 were classified as best responders with a reduction in
YBOCS scores of 68 and 86% from baseline, respectively. Patients
2 and 4 were classified as non-responders with an increase of 3%
and a reduction of 5% from baseline, respectively. The remaining
two patients (3 and 5) were regarded as moderate responders
with a reduction in YBOCS scores of 28 and 33% from baseline
(Table 1). The individual activation results of the six patients
including the heat maps indicating the distribution of active
fibers are shown in Figure 1.
Gray Matter Targets of Active Fiber
Projections
Among all axonal activation results (Table 2), non-responders
(patients 2 and 4) showed the largest number of active fibers
projecting to the right thalamus and orbital segment of the
right inferior frontal gyrus. The group of patients with moderate
clinical response (patients 3 and 5) presented with the least
amount of active fibers targeting the right thalamus and the
anterior portion of the right middle frontal gyrus. In contrast,
this group showed the largest number of active fibers associated
with the left superior frontal gyrus. Analysis of the two best
responders (patients 1 and 6) revealed the least activation in
the temporal lobe, superior frontal gyrus, amygdala, and the
accumbens area of the right hemisphere. Furthermore, these
patients possessed the most active fibers modeled to intersect
with the right rostral middle frontal gyrus. Further details can
be obtained in the supplementary material (Supplementary Table
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FIGURE 1 | Axonal activation heat maps (R, right; L, left). Increased brightness indicates a larger number of active fibers passing through a voxel. The amount of
active fibers is defined as a percentage of all axon fibers investigated (absolute numbers of active fibers are provided in brackets). The patients were grouped based
on the degree of clinical response (best, moderate, no response). All six patient-specific models show a similar anatomical distribution of active fibers.
1). Factor analysis identified four factors with an eigenvalue larger
than 2, which were able to explain 96% of the observed variance
among cortical activation results. Step-wise linear regression
revealed that two of these factors were suitable to predict
the observed YBOCS change in our patient cohort (adjusted
R2 = 0.737). The first factor (Beta = −0.777) was highly
correlated (correlation coefficient > 0.9) to the activation results
of the right putamen. The second factor (Beta = −0.488)
predominantly correlated (correlation coefficient> 0.9) with the
orbitofrontal and cingulate cortices of both hemispheres as well
as the right NA and the right caudate. Further details on factor
and regression analysis are provided as supplementary material.
Table 2 provides an overview of distinct cortical and subcortical
regions targeted by active fibers, which are associated with the
degree of clinical response. Association was assumed if both
of the TAMs of a certain response group (best, moderate, no
response) showed either highest or lowest number of active fibers
in a distinct anatomical area.
Parcellation of the Seed Region for
Tractography
Derived from the findings of the previous section, we identified
three fundamental gray matter targets associated with either best
or no response. The best response was found in connection
with the right anterior part of the middle frontal gyrus. Non-
responders were associated with projections to the thalamus and
orbital part of the inferior frontal gyrus (right). Parcellation of
the seed region for tractography revealed that most voxels were
predominantly connected to the right thalamus. The anterior part
of the right middle frontal cortex was predominantly represented
in the center of the seed region. Voxels showing the highest
connectivity to the orbital part of the right inferior frontal cortex
were predominantly localized in the superior-lateral parts of the
seed region (aside from a small portion in the anterior-inferior
part, Figure 2).
Subcortical Targets of Active Fiber
Projections
A voxel-wise density analysis of the active fibers was performed
for non-responders (patients 2 and 4) and responders (patients
1, 3, 5, and 6). Results of the comparison between responders
and non-responders are shown as heat maps in Figure 1. This
analysis provided information on which subcortical brain areas
were preferentially targeted by active fibers and whether different
anatomical representations were associated with different clinical
outcomes. The distribution of these voxels was localized and
well defined in the best clinical response group. In contrast, the
distribution became broader for those patients with moderate
response (Figure 3).
DISCUSSION
All six ALIC-NA DBS models showed active pathways associated
with subcortical nuclei, prefrontal cortex, and the temporal lobe
regardless of clinical response classification (Figure 1). These
findings of distal gray matter regions directly modulated by
ALIC-NA DBS are consistent with brain regions previously
associated with the pathophysiology underlyingOCD (Haber and
Rauch, 2010). However, when considering our best responders to
the DBS therapy, the TAMs provide support for a hypothesis that
activation associated with the rightmiddle frontal gyrusmay have
an especially important role in dictating clinical outcome. This
area can be assigned to the dorsolateral prefrontal cortex (dlPFC,
Brodmann areas 9 and 46), which is associated with executive
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FIGURE 2 | Connectivity-based segmentation of the seed region for
probabilistic tractography based on crucial gray matter targets of
active fibers (R, right; L, left; P, posterior; A, anterior). (A) Coronal view of
the relative electrode position. The electrodes are labeled by the contact color
(only active cathodes are shown). Green contacts represent electrodes of best
responders, yellow contacts are assigned to moderate response, and red
contacts correspond to non-responders. On the right hemisphere, the
localization of dorsal active contacts in the non-responders is slightly superior
compared to responders. Zoomed coronal (B) and sagittal (C) view of the right
hemispheric seed region for tractography, which is classified based on
predominant projection to three crucial areas: (1) The seed region with
predominant projection to the right thalamus is shown in pink color. (2) The
regions preferentially targeting the orbital part of the inferior frontal gyrus and
the anterior part of the middle frontal gyrus on the right hemisphere are
illustrated in orange and blue, respectively. (3) The uppermost contacts of the
non-responders are closely related to parts of the seed region that
preferentially projected to the orbital part of the inferior frontal gyrus. (D)
Sagittal view of the seed region (from right) also showing the position of crucial
target areas (Thal., thalamus; orbIFG, orbital part of the inferior frontal gyrus;
aMFG, anterior part of the middle frontal gyrus).
functions, such as maintaining or shifting sets in response
to changing task demands (Bonelli and Cummings, 2007). In
contrast, activation of fibers projecting to the right thalamus or
the orbital part of the inferior frontal gyrus (Brodmann are 47),
which can be allocated to the anterior ventrolateral prefrontal
cortex (avlPFC) and the lateral orbitofrontal cortex (lOFC), was
prominent in non-responders. Furthermore, the overall amount
of fiber activation, especially in the right hemisphere, may be
inversely correlated with therapeutic effect.
Asymmetric Effects
Previous studies have shown functional and structural
imbalances between the two hemispheres (Cannistraro et al.,
2007). Additionally, these studies have shown that right-sided
capsulotomy and TMS of the dlPFC alone can successfully
improve symptoms of OCD (Greenberg et al., 1997; Lippitz et al.,
1997, 1999). Furthermore, exclusive DBS of the right NA has
shown therapeutic success (Sturm et al., 2003; Huff et al., 2010).
In line with these findings, our data shows unilateral differences
across the three patient classifications. These differences were
predominantly found on the right hemisphere, suggesting that
appropriate DBS of the right hemisphere might be critical for
achieving therapeutic results.
Activation of Target and Non-target Neural
Elements
Activation of fibers projecting to the right middle frontal gyrus
was most prominent in best responders. This suggests that
modulation of the right dlPFC might be crucial for achieving
optimal therapeutic outcomes (Table 2). However the clinical
outcomes observed in these patients cannot be solely explained
by activation of fibers targeting this region. Quantitative analysis
of axonal activation revealed similar intensities of active pathways
projecting to the dlPFC between best responders and non-
responders (Supplementary Table 1). In contrast, activation of
fiber pathways targeting the avlPFC/lOFC was predominantly
found in non-responders. This area is associated with response
inhibition, task-set switching, and maintenance of compulsive
behavior (Aron et al., 2004; Elliott et al., 2010; Milad and
Rauch, 2012). Saxena et al. showed that the metabolism of the
ventrolateral prefrontal and the orbitofrontal cortex is reduced
by effective drug treatment in OCD patients (Saxena et al., 2002).
As such, it might have an important role in the development of
compulsive behavior. Our data suggest that extensive activation
of fibers targeting the avlPFC/lOFC by ALIC-NA DBS may
prevent clinical improvement.
On the right hemisphere, the uppermost active contacts of
non-responders (contacts 2) were placed superior, compared
to the active contacts of responders (contacts 0 and/or 1,
Table 1). These upper contacts were closely related to parts
of the seed region that preferentially projected to the right
avlPFC/lOFC, which in turn would explain the higher degree of
activation of non-responders in that particular region (Figure 2).
These findings are in line with a study by Lehman et al.
who recently demonstrated that fiber tracts associated with
avlPFC/lOFC are arranged more superiorly in the ALIC-NA
region compared to fiber tracts associated with the medial
orbitofrontal or ventromedial prefrontal cortices (Lehman
et al., 2011). Furthermore, quantitative analysis of active fibers
projecting to the right thalamic region showed the largest
activation in non-responders. Conversely, the lowest activation
was found in patients who showedmoderate response. These data
suggest that achieving optimal therapeutic benefits may not only
require modulation of the correct anatomical targets, but also a
delicate balance of stimulation within those targets.
Extensive Activation of Non-therapeutically
Relevant Fibers Targets Carries Negative
Effects
Our results suggest that extensive activation of the right
avlPFC/lOFC and right thalamus may counteract potential
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FIGURE 3 | Comparison of axonal activation between responders (columns) and non-responders (rows). Blue indicates predominant activation in a
non-responder patient. Red indicates predominant activation in a responder patient. The spread of active fibers in responders is inversely correlated to DBS efficacy.
Non-responders showed higher activation in the right orbital part of the inferior gyrus, which can be attributed to the lateral orbitofrontal cortex or the anterior
ventrolateral prefrontal cortex.
improvements gained by therapeutic modulation of the right
dlPFC. Additionally, best responders showed the lowest overall
amount of fiber activation for the right hemisphere, especially
in the right NA region and the right temporal lobe. Moreover,
factor analysis followed by step-wise linear regression indicates
that YBOCS improvement is inversely associated with factors that
are predominantly determined by gray matter activation results
of the right hemisphere. Indeed, highest clinical improvement
(Table 1, patient 6) was achieved with DBS leading to the
lowest fiber activation of both hemispheres (Figure 1). All
these observations are in agreement with the hypothesis
that extensive activation of non-therapeutically relevant fibers
reduces beneficial effects. Such reduction in therapeutic efficacy
would be particularly important in diseases like OCD, depression,
and dystonia, where clinical benefits gained with DBS may
not be apparent for weeks or months. One might even
speculate that this lack of immediate clinical results could, in
turn, motivate DBS programmers to select high stimulation
amplitudes, although they might not be necessary to achieve
therapeutic effects (Anderson and Ahmed, 2003). Therefore, our
computational model poses the hypothesis that a lower, more
focused stimulation, explicitly targeting pathways associated with
right dlPFCmay bemore beneficial for OCDpatients treated with
ALIC-NA DBS.
Differences in Clinical Manifestation
Another potential explanation for the different clinical outcomes,
despite similar patterns of fiber activation, is the variability
in clinical manifestation. The clinical OCD spectrum is
heterogeneous, and different network systems are predominantly
involved in different clinical manifestations (Mataix-Cols et al.,
2004; Saxena et al., 2004). Distinct pathologies may be
more likely to respond to DBS of very specific networks.
In this case, the clinical presentation of the disease could
serve as a guide for electrode implantation and stimulator
programming. For example, networks modulated by ALIC
NA DBS might effectively impact washing compulsions,
as these were a characteristic manifestation in the best
responders. Unfortunately, not enough data are currently
available for a comprehensive subgroup analysis. Future
studies should compare DBS outcomes across different OCD
subtypes.
Limitations
This study presents a computational approach to analyzing
patient-specific DBS axonal activation. The technique presented
herein is based on a reference DTI brain that ensures an
affordable use of imaging resources. Our investigation focused
on large fiber pathways, which can be assumed to show a low
inter-patient variability. Therefore, inter-individual differences of
gross fiber pathways identified with patient-specific probabilistic
tractography were not taken into account. Nevertheless, the
use of patient-specific DTI scans could help further increase
the precision of the analysis presented herein. Co-registration
of patient-specific structural imaging data with a standardized
DTI is likely to reduce inter-patient variability. However, we
consider it a pragmatic approach to estimating fiber activation
evoked by DBS while keeping the computational demand
needed to develop the activation density heat maps at a
tolerable level. The small number of patients presented prevents
rigorous statistical analysis of pathways active across both
responders and non-responders. However, empirical analysis
represents the starting point toward the development of novel
hypotheses. Additionally, activation differences between the
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three clinical groups are small, and the functional relevance
of these differences has yet to be proven. Thus, a larger
clinical trial comparing ALIC-NA DBS clinical outcomes to
TAM cortical activation predictions is required to validate
these results. Finally, the results are limited by the realization
that the contacts used to model activated tracts in the non-
responders may have been simply the last DBS lead contacts
selected. The clinical benefits of DBS programming for OCD
are not evident in the acute setting. As such, the contacts
selected at the last follow-up, and thereby those used to model
activated tracts in the non-responders, may have been clinically
sub optimal in the chronic setting when clinical benefits were
evaluated.
Conclusion
This study presents a non-invasive method for elucidating axonal
pathways activated by DBS and for improving understanding
of the underlying mechanisms of DBS. The computational
modeling approach presented herein will be critical for mapping
cortical and subcortical targets associated with therapeutic
benefits and/or adverse effects. Following validation on a larger
patient population, this model could help to predict the optimal
location for DBS electrode placement, as well as the clinical effects
of various stimulation settings during post-operative patient
programming.
AUTHOR CONTRIBUTIONS
CH, JL, AC,WG,MO, CM, and IH contributed to the conception
and the design of the study, acquired, analyzed, and interpreted
the data. CH and JL drafted the manuscript, AC, WG, MO, CM,
and IH have critically contributed to the manuscript and revised
the draft. All authors have approved the final content of the
manuscript.
FUNDING
This work was supported by the National Institutes of Health
(NIH R01 NS047388; NIH R01 NS059736; NIH R01 MH
102238).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnins.
2015.00519
REFERENCES
Anderson, D., and Ahmed, A. (2003). Treatment of patients with intractable
obsessive-compulsive disorder with anterior capsular stimulation. J. Neurosurg.
98, 1104–1108. doi: 10.3171/jns.2003.98.5.1104
Aouizerate, B., Guehl, D., Cuny, E., Rougier, A., Bioulac, B., Tignol, J., et al. (2004).
Pathophysiology of obsessive-compulsive disorder: a necessary link between
phenomenology, neuropsychology, imagery and physiology. Prog. Neurobiol.
72, 195–221. doi: 10.1016/j.pneurobio.2004.02.004
Aron, A. R., Robbins, T. W., and Poldrack, R. A. (2004). Inhibition and
the right inferior frontal cortex. Trends Cogn. Sci. 8, 170–177. doi:
10.1016/j.tics.2004.02.010
Behrens, T. E., Johansen-Berg, H., Woolrich, M. W., Smith, S. M., Wheeler-
Kingshott, C. A., Boulby, P. A., et al. (2003). Non-invasive mapping of
connections between human thalamus and cortex using diffusion imaging.Nat.
Neurosci. 6, 750–757. doi: 10.1038/nn1075
Bonelli, R. M., and Cummings, J. L. (2007). Frontal-subcortical circuitry and
behavior. Dialogues Clin. Neurosci. 9, 141–151.
Bourne, S. K., Eckhardt, C. A., Sheth, S. A., and Eskandar, E. N. (2012).
Mechanisms of deep brain stimulation for obsessive compulsive
disorder: effects upon cells and circuits. Front. Integr. Neurosci. 6:29. doi:
10.3389/fnint.2012.00029
Butson, C. R., Cooper, S. E., Henderson, J. M., and McIntyre, C. C. (2007). Patient-
specific analysis of the volume of tissue activated during deep brain stimulation.
Neuroimage 34, 661–670. doi: 10.1016/j.neuroimage.2006.09.034
Butson, C. R., Maks, C. B., and McIntyre, C. C. (2006). Sources and effects of
electrode impedance during deep brain stimulation. Clin. Neurophysiol. 117,
447–454. doi: 10.1016/j.clinph.2005.10.007
Butson, C. R., and McIntyre, C. C. (2005). Tissue and electrode capacitance reduce
neural activation volumes during deep brain stimulation. Clin. Neurophysiol.
116, 2490–2500. doi: 10.1016/j.clinph.2005.06.023
Cannistraro, P. A., Makris, N., Howard, J. D., Wedig, M. M., Hodge, S.
M., Wilhelm, S., et al. (2007). A diffusion tensor imaging study of white
matter in obsessive-compulsive disorder. Depress. Anxiety 24, 440–446. doi:
10.1002/da.20246
Chaturvedi, A., Butson, C. R., Lempka, S. F., Cooper, S. E., and McIntyre, C. C.
(2010). Patient-specific models of deep brain stimulation: influence of field
model complexity on neural activation predictions. Brain Stimul. 3, 65–67. doi:
10.1016/j.brs.2010.01.003
Chaturvedi, A., Luján, J. L., and McIntyre, C. C. (2013). Artificial neural
network based characterization of the volume of tissue activated during deep
brain stimulation. J. Neural Eng. 10:056023. doi: 10.1088/1741-2560/10/5/
056023
Elliott, R., Agnew, Z., and Deakin, J. F. (2010). Hedonic and informational
functions of the human orbitofrontal cortex. Cereb. Cortex 20, 198–204. doi:
10.1093/cercor/bhp092
Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., et al.
(2002). Whole brain segmentation: automated labeling of neuroanatomical
structures in the human brain. Neuron 33, 341–355. doi: 10.1016/S0896-
6273(02)00569-X
Gimsa, J., Habel, B., Schreiber, U., van Rienen, U., Strauss, U., and Gimsa,
U. (2005). Choosing electrodes for deep brain stimulation experiments–
electrochemical considerations. J. Neurosci. Methods 142, 251–265. doi:
10.1016/j.jneumeth.2004.09.001
Goodman, W. K., Foote, K. D., Greenberg, B. D., Ricciuti, N., Bauer, R., Ward,
H., et al. (2010). Deep brain stimulation for intractable obsessive compulsive
disorder: pilot study using a blinded, staggered-onset design. Biol. Psychiatry
67, 535–542. doi: 10.1016/j.biopsych.2009.11.028
Goodman, W. K., Price, L. H., Rasmussen, S. A., Mazure, C., Fleischmann, R.
L., Hill, C. L., et al. (1989). The yale-brown obsessive compulsive scale. I.
Development, use, and reliability. Arch. Gen. Psychiatry 46, 1006–1011. doi:
10.1001/archpsyc.1989.01810110048007
Gradinaru, V., Mogri, M., Thompson, K. R., Henderson, J. M., and Deisseroth, K.
(2009). Optical deconstruction of parkinsonian neural circuitry. Science 324,
354–359. doi: 10.1126/science.1167093
Greenberg, B. D., George, M. S., Martin, J. D., Benjamin, J., Schlaepfer, T. E.,
Altemus, M., et al. (1997). Effect of prefrontal repetitive transcranial magnetic
stimulation in obsessive-compulsive disorder: a preliminary study. Am. J.
Psychiatry 154, 867–869. doi: 10.1176/ajp.154.6.867
Haber, S. N., and Rauch, S. L. (2010). Neurocircuitry: a window into the networks
underlying neuropsychiatric disease. Neuropsychopharmacology 35, 1–3. doi:
10.1038/npp.2009.146
Haq, I. U., Foote, K. D., Goodman, W. G., Wu, S. S., Sudhyadhom, A., Ricciuti,
N., et al. (2011). Smile and laughter induction and intraoperative predictors
Frontiers in Neuroscience | www.frontiersin.org 8 January 2016 | Volume 9 | Article 519
Hartmann et al. Tractography Activation Patterns in OCD DBS
of response to deep brain stimulation for obsessive-compulsive disorder.
Neuroimage 54(Suppl. 1), S247–S255. doi: 10.1016/j.neuroimage.2010.
03.009
Hartmann, C. J., Chaturvedi, A., and Lujan, J. L. (2015). Quantitative
analysis of axonal fiber activation evoked by deep brain stimulation via
activation density heat maps. Front. Neurosci. 9:28. doi: 10.3389/fnins.2015.
00028
Haueisen, J., Tuch, D. S., Ramon, C., Schimpf, P. H., Wedeen, V. J., George, J. S.,
et al. (2002). The influence of brain tissue anisotropy on human EEG andMEG.
Neuroimage 15, 159–166. doi: 10.1006/nimg.2001.0962
Hemm, S., Coste, J., Gabrillargues, J., Ouchchane, L., Sarry, L., Caire, F., et al.
(2009). Contact position analysis of deep brain stimulation electrodes on post-
operative CT images. Acta Neurochir (Wien) 151, 823–829. discussion: 829. doi:
10.1007/s00701-009-0393-3
Hines, M. L., and Carnevale, N. T. (1997). The NEURON simulation environment.
Neural Comput. 9, 1179–1209. doi: 10.1162/neco.1997.9.6.1179
Holsheimer, J., Dijkstra, E. A., Demeulemeester, H., and Nuttin, B. (2000).
Chronaxie calculated from current-duration and voltage-duration
data. J. Neurosci. Methods 97, 45–50. doi: 10.1016/S0165-0270(00)
00163-1
Huff, W., Lenartz, D., Schormann, M., Lee, S. H., Kuhn, J., Koulousakis, A., et al.
(2010). Unilateral deep brain stimulation of the nucleus accumbens in patients
with treatment-resistant obsessive-compulsive disorder: outcomes after one
year. Clin. Neurol. Neurosurg. 112, 137–143. doi: 10.1016/j.clineuro.2009.
11.006
Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., and Smith,
S. M. (2012). Fsl. Neuroimage 62, 782–790. doi: 10.1016/j.neuroimage.2011.
09.015
Leckman, J. F., Denys, D., Simpson, H. B., Mataix-Cols, D., Hollander, E., Saxena,
S., et al. (2010). Obsessive-compulsive disorder: a review of the diagnostic
criteria and possible subtypes and dimensional specifiers for DSM-V. Depress.
Anxiety 27, 507–527. doi: 10.1002/da.20669
Lehman, J. F., Greenberg, B. D., McIntyre, C. C., Rasmussen, S. A., and Haber,
S. N. (2011). Rules ventral prefrontal cortical axons use to reach their
targets: implications for diffusion tensor imaging tractography and deep
brain stimulation for psychiatric illness. J. Neurosci. 31, 10392–10402. doi:
10.1523/JNEUROSCI.0595-11.2011
Li, S., Arbuthnott, G. W., Jutras, M. J., Goldberg, J. A., and Jaeger, D. (2007).
Resonant antidromic cortical circuit activation as a consequence of high-
frequency subthalamic deep-brain stimulation. J. Neurophysiol. 98, 3525–3537.
doi: 10.1152/jn.00808.2007
Liewald, D., Miller, R., Logothetis, N., Wagner, H. J., and Schüz, A. (2014).
Distribution of axon diameters in cortical white matter: an electron-
microscopic study on three human brains and a macaque. Biol. Cybern. 108,
541–557. doi: 10.1007/s00422-014-0626-2
Lippitz, B. E., Mindus, P., Meyerson, B. A., Kihlström, L., and Lindquist,
C. (1999). Lesion topography and outcome after thermocapsulotomy or
gamma knife capsulotomy for obsessive-compulsive disorder: relevance of
the right hemisphere. Neurosurgery 44, 452–458. discussion: 458–460. doi:
10.1097/00006123-199903000-00005
Lippitz, B., Mindus, P., Meyerson, B. A., Kihlström, L., and Lindquist, C. (1997).
Obsessive compulsive disorder and the right hemisphere: topographic analysis
of lesions after anterior capsulotomy performed with thermocoagulation.
Acta Neurochir. Suppl. 68, 61–63. doi: 10.1007/978-3-7091-65
13-3_11
Lujan, J. L., Chaturvedi, A., Choi, K. S., Holtzheimer, P. E., Gross, R. E.,
Mayberg, H. S., et al. (2013). Tractography-activation models applied to
subcallosal cingulate deep brain stimulation. Brain Stimul. 6, 737–739. doi:
10.1016/j.brs.2013.03.008
Lujan, J. L., Chaturvedi, A., Malone, D. A., Rezai, A. R., Machado, A. G.,
and McIntyre, C. C. (2012). Axonal pathways linked to therapeutic and
nontherapeutic outcomes during psychiatric deep brain stimulation. Hum.
Brain Mapp. 33, 958–968. doi: 10.1002/hbm.21262
Mataix-Cols, D., Wooderson, S., Lawrence, N., Brammer, M. J., Speckens, A., and
Phillips, M. L. (2004). Distinct neural correlates of washing, checking, and
hoarding symptom dimensions in obsessive-compulsive disorder. Arch. Gen.
Psychiatry 61, 564–576. doi: 10.1001/archpsyc.61.6.564
McCracken, C. B., and Grace, A. A. (2007). High-frequency deep brain stimulation
of the nucleus accumbens region suppresses neuronal activity and selectively
modulates afferent drive in rat orbitofrontal cortex in vivo. J. Neurosci. 27,
12601–12610. doi: 10.1523/JNEUROSCI.3750-07.2007
McIntyre, C. C., Richardson, A. G., and Grill, W. M. (2002). Modeling
the excitability of mammalian nerve fibers: influence of afterpotentials
on the recovery cycle. J. Neurophysiol. 87, 995–1006. doi: 10.1152/jn.003
53.2001
Merrill, D. R., Bikson, M., and Jefferys, J. G. (2005). Electrical stimulation of
excitable tissue: design of efficacious and safe protocols. J. Neurosci. Methods
141, 171–198. doi: 10.1016/j.jneumeth.2004.10.020
Milad, M. R., and Rauch, S. L. (2012). Obsessive-compulsive disorder: beyond
segregated cortico-striatal pathways. Trends Cogn. Sci. 16, 43–51. doi:
10.1016/j.tics.2011.11.003
Miocinovic, S., Lempka, S. F., Russo, G. S., Maks, C. B., Butson, C. R., Sakaie, K.
E., et al. (2009). Experimental and theoretical characterization of the voltage
distribution generated by deep brain stimulation. Exp. Neurol. 216, 166–176.
doi: 10.1016/j.expneurol.2008.11.024
Nuttin, B., Cosyns, P., Demeulemeester, H., Gybels, J., and Meyerson, B. (1999).
Electrical stimulation in anterior limbs of internal capsules in patients
with obsessive-compulsive disorder. Lancet 354, 1526. doi: 10.1016/s0140-
6736(99)02376-4
Nuttin, B. J., Gabriëls, L. A., Cosyns, P. R., Meyerson, B. A., Andréewitch, S.,
Sunaert, S. G., et al. (2003). Long-term electrical capsular stimulation in patients
with obsessive-compulsive disorder. Neurosurgery 52, 1263–1272. discussion:
1272–1264. doi: 10.1227/01.neu.0000064565.49299.9a
Okun, M. S., Mann, G., Foote, K. D., Shapira, N. A., Bowers, D., Springer, U.,
et al. (2007). Deep brain stimulation in the internal capsule and nucleus
accumbens region: responses observed during active and sham programming.
J. Neurol. Neurosurg. Psychiatry 78, 310–314. doi: 10.1136/jnnp.2006.
095315
Ruscio, A. M., Stein, D. J., Chiu, W. T., and Kessler, R. C. (2010).
The epidemiology of obsessive-compulsive disorder in the National
Comorbidity Survey Replication. Mol. Psychiatry 15, 53–63. doi: 10.1038/mp.
2008.94
Sakai, Y., Narumoto, J., Nishida, S., Nakamae, T., Yamada, K., Nishimura,
T., et al. (2011). Corticostriatal functional connectivity in non-medicated
patients with obsessive-compulsive disorder. Eur. Psychiatry 26, 463–469. doi:
10.1016/j.eurpsy.2010.09.005
Saxena, S., Brody, A. L., Ho, M. L., Alborzian, S., Maidment, K. M., Zohrabi, N.,
et al. (2002). Differential cerebral metabolic changes with paroxetine treatment
of obsessive-compulsive disorder vs major depression.Arch. Gen. Psychiatry 59,
250–261. doi: 10.1001/archpsyc.59.3.250
Saxena, S., Brody, A. L., Maidment, K. M., Smith, E. C., Zohrabi, N., Katz, E., et al.
(2004). Cerebral glucose metabolism in obsessive-compulsive hoarding. Am. J.
Psychiatry 161, 1038–1048. doi: 10.1176/appi.ajp.161.6.1038
Sturm, V., Lenartz, D., Koulousakis, A., Treuer, H., Herholz, K., Klein, J. C.,
et al. (2003). The nucleus accumbens: a target for deep brain stimulation in
obsessive-compulsive- and anxiety-disorders. J. Chem. Neuroanat. 26, 293–299.
doi: 10.1016/j.jchemneu.2003.09.003
Swedo, S. E., Pietrini, P., Leonard, H. L., Schapiro, M. B., Rettew, D. C.,
Goldberger, E. L., et al. (1992). Cerebral glucose metabolism in childhood-
onset obsessive-compulsive disorder. Revisualization during pharmacotherapy.
Arch. Gen. Psychiatry 49, 690–694. doi: 10.1001/archpsyc.1992.018200900
18003
Tuch, D. S., Wedeen, V. J., Dale, A. M., George, J. S., and Belliveau, J. W.
(2001). Conductivity tensor mapping of the human brain using diffusion tensor
MRI. Proc. Natl. Acad. Sci. U.S.A. 98, 11697–11701. doi: 10.1073/pnas.1714
73898
Van Laere, K., Nuttin, B., Gabriels, L., Dupont, P., Rasmussen, S., Greenberg, B. D.,
et al. (2006). Metabolic imaging of anterior capsular stimulation in refractory
obsessive-compulsive disorder: a key role for the subgenual anterior cingulate
and ventral striatum. J. Nucl. Med. 47, 740–747.
Walker, H. C., Huang, H., Gonzalez, C. L., Bryant, J. E., Killen, J., Cutter, G.
R., et al. (2012a). Short latency activation of cortex during clinically effective
subthalamic deep brain stimulation for Parkinson’s disease. Mov. Disord. 27,
864–873. doi: 10.1002/mds.25025
Frontiers in Neuroscience | www.frontiersin.org 9 January 2016 | Volume 9 | Article 519
Hartmann et al. Tractography Activation Patterns in OCD DBS
Walker, H. C., Huang, H., Gonzalez, C. L., Bryant, J. E., Killen, J., Knowlton,
R. C., et al. (2012b). Short latency activation of cortex by clinically effective
thalamic brain stimulation for tremor. Mov. Disord. 27, 1404–1412. doi:
10.1002/mds.25137
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Intellectual Property: Boston Scientific Neuromodulation (J. Luis Lujan, Ashutosh
Chaturvedi, Cameron C. McIntyre). Equity Interest: Surgical Information
Sciences Inc., Autonomic Technologies Inc., Neuros Medical Inc. (Cameron
C. McIntyre). Paid Consultants: Boston Scientific Neuromodulation (Cameron
C. McIntyre), Lundbeck, Medtronics (Ihtsham U. Haq). National Parkinson
Foundation (Michael S. Okun). Research grants: German Academic Exchange
Service (Christian J. Hartmann). NIH, NPF, Michael J. Fox Foundation, Parkinson
Alliance, Smallwood Foundation, Bachmann-Strauss Foundation, Tourette
Syndrome Association, UF Foundation (Michael S. Okun). Sponsored CME
and educational activities on movement disorders in the last 36 months:
PeerView, Prime, Quantia, Henry Stewart, Vanderbilt University (Michael S.
Okun). Royalties for publications: Demos, Manson, Amazon, Smashwords,
Books4Patients, Cambridge (movement disorders books) (Michael S. Okun).
Copyright © 2016 Hartmann, Lujan, Chaturvedi, Goodman, Okun, McIntyre and
Haq. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Neuroscience | www.frontiersin.org 10 January 2016 | Volume 9 | Article 519
